Abstract
where the soil water and shallow groundwater is typically pH-neutral to slightly acid, anoxic, and 2 iron-rich. The anoxic conditions are very suitable to dissolve phosphate in groundwater, which 3 may result in relative high concentrations of dissolved phosphate from natural origin (Griffioen et 4 al., 2013) or from leached manure or fertilizers (Chardon et al., 2007) . In contrast, the chemical 5 composition of surface waters in delta areas is normally pH-neutral to slightly alkaline and oxic 6 with low dissolved iron and phosphate concentrations. This difference in chemical composition 7
between groundwater and surface water creates strong redox and pH gradients at the 8 groundwater-surface water interface (Frei et al., 2012; Carlyle and Hill, 2001) . At this interface, 9 the oxidation of iron(II) followed by iron(III) hydrolysis and precipitation of iron oxyhydroxides is 10 the dominant chemical reaction (Griffioen, The majority of studies on redox processes and P dynamics at the groundwater-surface water 17 interface focus on mobilization of phosphate by reductive dissolution of Fe oxyhydroxides in 18 riparian zones or wetlands in response to rewetting (Macrae et al., 2011; Maassen and Balla, 19 2010; Shenker et al., 2005) . In contrast, relatively little is known about the oxidation of Fe(II) in the 20 transition zone from groundwater into surface water in lowland delta areas with (periodic) 21 exfiltration of anaerobic groundwater in relation to P retention in surface water. The rate of Fe(II) 22 oxidation strongly depends on pH. At neutral pH, it is a fast reaction that is expected to occur 23 within hours when molecular oxygen is not limited (Stumm and Lee, 1961) . At pH values around 24 6 , it may take a couple of days before complete abiotic oxidation of Fe(II) occurs. The reaction 25 rate also depends on oxygen concentration and temperature. Spiteri et al. (2006) investigated 26 the effect of O 2 and pH gradients on oxidative precipitation of Fe(II) and subsequent phosphate 27 sorption along a flow-line in a subterranean estuary where groundwater discharges to the sea. 28 Their results showed that the pH is a more controlling factor that the O 2 concentration. 29
To our knowledge there are no field studies on the mechanisms and rates of iron oxidation with 1 associated binding of phosphate in lowland catchments that drain anaerobic groundwater while 2 these processes may have an important control on mobility of P in surface water (Baken et al.,  3 2013; Griffioen, 2006; Fox, 1989) . Moreover, as most of the work on Fe(II) oxidation and 4 incorporation of phosphate into Fe(III) precipitates is performed on synthetic media, the kinetics 5 of these processes in the natural environment are poorly known. A better understanding of these 6 processes will improve our knowledge of P retention mechanisms in surface waters with 7 exfiltration of anaerobic groundwater as driving force. 8
To study the dynamics in Fe(II) oxidation and P immobilization along the flow-path from 9 groundwater into surface water, we developed an experimental field set-up in an agricultural 10 catchment of a small lowland river (the Hupsel Brook). Previous studies in the Hupsel Brook 11 catchment have demonstrated that the groundwater in the catchment is predominantly anoxic 12 and contains relatively high dissolved P concentrations in a range of 0.3 to 1.0 mg/l (Rozemeijer 13 et al., 2010a). At the catchment outlet particulate P is, however, the major contributor to the total 14 P concentrations in the surface water (Rozemeijer et al., 2010b) . This indicates that 15 transformation from dissolved P in the groundwater to particulate P in the surface water must 16 have occurred. 17 In this study we aim (1) to measure the dynamics of Fe(II) and phosphate concentrations along 18 the flow-path from groundwater into surface water in a typical lowland catchment in the 19 Netherlands (2) to infer reaction rates and mechanisms that influence the iron oxidation process 20 by a combination of data analysis and chemical modelling and (3) 
Modeling reaction kinetics 17
To test the validity of existing chemical models developed under laboratory condition for the 18 oxidation of Fe and co-precipitation of PO4 for our field situtaion, we modelled the Fe and PO 4 19 concentrations in the reservoirs with PHREEQC (Parkhurst and Appelo, 1999) with the 20 WATEQ4F database (Ball and Nordstrom, 1991) using the representative aqeous composition of 21 the groundwater (Table S1 in the supplement). We compared the range and yearly average trend 22 of measured Fe concentrations with increasing transit time of the water within the reservoirs with 23 model scenarios. Therefore, we performed model scenarios representing a typical summer 24 situation, a typical winter situation and a jearly average situation with their accompanying rate 25 controlling parameters, as discussed later. First, the Fe oxidation kinetics in the reservoirs were 26 described as a first-order reaction process following the general rate law for chemical oxidation of 27 pO 2 ) and T is the mean transit time.
9
The mean transit time T , of the water leaving the reservoirs at time t can be approximated 10 through the assumption of fully mixed reservoirs with a variable flow (q(t)) and volume (V(t)), 11
where q(t-T) is the reservoir discharge and V(t-T) is the reservoir volume at time t that has been 14 inside the reservoir (i.e. the transit time) for a period T. 15 In a second step, the uptake of phosphate to Fe precipitates was modelled with two models 16 using different concepts. First, surface complexation to ferrihydrite was considered using the 17 
Fe concentrations 3
The groundwater samples ( Fig. 2A) (Table 1) . Reservoir 2 showed the highest concentrations 2 followed by reservoir 3 and subsequently reservoir 1. Likely, this was the result of spatial 3 variation of Fe concentrations in the groundwater, where reservoir 2 and 3 drained groundwater 4 with higher Fe concentrations than reservoir 1. On average, groundwater wells 1 and 2 had the 5 highest Fe concentrations (Fig. 2A) . The groundwater flow in the field is approximately from 6 northwest to southeast (Rozemeijer et al., 2010c) . Therefore, it is conceivable that this Fe-rich 7 groundwater flows into reservoir 2 and 3 ( Fig. 1) . 8
The surface water samples (Fig. 2D) had Fe concentrations ranging between 0.15 and 2.21 mg/l 9 with an average of 0.68 mg/l and a median value of 0.60 mg/l. There was no seasonal variation 10 and no difference between the sub-catchment outlet and catchment outlet. 11 12
P concentrations 13
The dissolved P concentrations of the groundwater were an order of magnitude higher than that 14 of the tube drain water, reservoir water and surface water (Fig. 3 ). Where the median P 15 concentration equaled 0.33 mg/l in the groundwater, it was around 0.02 mg/l for all other water 16 types. Despite some short-scale temporal variation in the P concentration at individual 17 groundwater wells, the data showed increased P concentrations during summer ( Fig. 3A) 
(we did 18 not investigate this further). 19
There was an increase in P concentration at tube drain 3 starting in Nov. 2007 (Fig. 3B ). This 20 was two months after the increase of Fe ( Fig 3B) . However, the P concentration at tube drain 3 21 after the redox transition did not reach the level of the P concentration of anaerobic groundwater 22
There was no clear seasonal trend in P concentrations in the reservoirs and surface water ( 
Supporting variables 28
Following Eq. (1) and Eq. (2), Fe concentrations can be explained from, pH, temperature, oxygen 1 pressure of the water and the transit time of water inside the reservoirs. These variables have 2 been measured directly or approximated. There was a seasonal variation in the pH of the water 3 in the reservoirs (Fig.4) . The pH varied between 6 and 6.5 with an average of 6.16 during the 4 cold November to March. Although the sampling frequency was lower during the warmer April to 5
October, the majority of samples had pH values above 6.5 with an average of 6.6. The 6 temperature of the ditch water varied between 2.7ºC and 21.5 ºC (Fig. 5) . 7
To explore Fe oxidation kinetics and P immobilization during exfiltration on anaerobic 8 groundwater into surface water we calculated the mean transit time of the exfiltrated groundwater 9 in the reservoirs from the reservoir discharge and the reservoir volume according Eq. 
Behavior of Fe 25
The first objective of our study was to measure the dynamics of Fe concentrations along the flow 26 path from groundwater into surface water. We measured a clear trend in dissolved Fe 27 concentration with concentration in the groundwater and low concentrations in the surface water. 28
The Fe concentrations of the reservoir water and tube drain water were dynamic over the year. (Fig. 5) . A tenfold increase of the rate upon raising the temperature by 15ºC is reported for 22 abiotic oxidation of Fe(II) by oxygen (Sung and Morgan, 1980) . This is mainly caused by the 23 change in OH -activity due to the temperature dependence of the ionization constant of water. 24
There was a seasonal variation in the pH of the water in the reservoirs (Fig 4) , with lower values 25 in winter and higher values in summer. According to the rate law for abiotic Fe(II) oxidation Eq. 26 (3), a drop of half a pH unit for pH around 6-7 results theoretically in a nine-fold increase in the 27 half-life time of Fe(II). Therefore, the seasonal variation in the pH is another control on the 28 dynamics in the Fe concentration of the reservoirs water. The smaller seasonal variation in the 1 pH and Fe concentration in reservoir 1 compared to reservoir 2 and 3 supports this conclusion. average P CO2 of all groundwater samples is 0.056 atm., which is a common value for 5 groundwater in the Netherlands (Griffioen et al., 2013) . For the reservoir water during the 6 summer months and winter months this is 0.024 and 0.048 atm. respectively. Degassing of CO 2 7 is kinetically controlled and, therefore, it may take a couple of days before equilibrium with air is 8 reached. Obviously, photosynthesis occurs mainly during summer months. So, we assume that 9 longer transit times and higher temperatures of the water in the reservoirs during summer 10 months compared to the winter months resulted in more extensive CO 2 degassing. This resulted 11 into higher pH values during summer. In contrast to CO 2 degassing, hydrolysis following 12 oxidation of Fe(II) to Fe(III) generates acidity. This reduces the alkalinity of water and tempers 13 the pH increase following CO 2 degassing. Modelling calculations with PHREEQC indicated that 14 oxygenation and degassing of groundwater with a pH of 6.16, Fe(II) concentration of 15.9 mg/l, 15
and P CO2 of 0.056 atm. to the summer-average P CO2 of the reservoir water of 0.024 atm. results 16
in pH values of 6.54 and 6.39 without and with oxidative hydrolysis, respectively. These pH 17 values are somewhat lower than a majority of pH measurements of the reservoir water during the 18 summer months (Fig. 4) . So degassing of the surface water is not the only process that induces 19 the seasonal pH increase. 20
The transit time of the water in the reservoirs also explains the low Fe concentrations in the 21 summer months. concluded that during normal flow conditions, the tile drain contribution to surface water 25 discharge is more important than the groundwater contribution. 26
Although ranging around 1 mg/l, the Fe concentrations of the surface water samples were higher 27 than concentrations predicted by assuming equilibrium of Fe(III) with a Fe oxyhydroxide phase. 28 
Fe oxidation kinetics 2
The second objective of our study was to infer reaction rates and mechanisms that influence the 3 Fe oxidation process. The kinetic oxidation of dissolved Fe(II) was modeled according the 4 general rate law as reported by Stumm and Lee (1961) . The Fe oxidation rates inferred from our 5 field measurements closely agree with the general rate law for abiotic oxidation of Fe(II) by O2 (k 6 = 7.9x10 13 M -2 atm -1 min -1 ) (Fig. 6A) . Seasonal changes in pH and temperature of the reservoir 7
water had a major effect on the Fe(II) oxidation rate as explained below. 8
The grey lines in Fig. 6A represents the steady-state Fe(II) concentration as function of the mean 9 transit times as calculated with the CSTR-model. The model simulates the Fe(II) oxidation in the 10 reservoirs for the yearly average conditions, a typical summer situation, and a typical winter 11 situation. Table 2 gives the input parameters for the CSTR model. The Fe concentration of the 12 groundwater ( Fig. 2A) was used as inflow concentration (Fe i Kouwenhoven, 1989). Therefore the oxygen concentration of our reservoirs will be variable over 26 the year and even over the day. However, low oxygen saturation levels or even hypoxia are not 27 likely for the reservoir water. Hypoxia is not an uncommon phenomenon in ditches with free-28 floating plant mats (Verdonschot and Verdonschot, 2014;Kersting and Kouwenhoven, 1989) but 29 this was not the situation for our reservoirs. Moreover, because of a high degree of atmosphere-1 water contact (the reservoirs have typically a small wetted volume as opposed to its wetted 2 perimeter) equilibrium with atmospheric oxygen might be possible. In the winter situation we 3 assume that the equilibrium time to reach complete saturation is less than the half-life time of 4 Fe(II). Therefore, we used complete oxygen saturation (P O2 = 0.21 atm.) for the winter situation. 5
The Fe(II) oxidation rate is clearly higher in the summer situation. The Fe(II) is presumably 6 completely oxidized before the reservoir water is in equilibrium with atmospheric oxygen. For this 7 reason we modelled the reaction for the summer situation with a P O2 of 0.1 atm.; 3) the 8 temperature for the yearly average model was set to the yearly averaged temperature of the 9 ditch water (9.3 ºC) and to 17ºC and 5ºC for the summer and winter situation respectively (Fig.  10   5) . 11 The large difference between the summer-type and winter-type model illustrates the effect of the 4 temperature and pH on the abiotic Fe(II) oxidation rate. Fig. 6A makes clear that the oxidation of 5
Fe in anaerobic groundwater after being discharged into surface water is not instantaneous. It 6 will take a couple of days to more than one week before complete oxidation of Fe(II) is reached, 7 especially under winter conditions. 8 9
Behavior of P 10
The third objective was to measure the dynamics in P concentrations and to explore the 11 phosphate immobilization process during flow of anaerobic iron-rich groundwater towards 12 surface water. Our field data show that dissolved P preferentially precipitates from solution during 13 the initial stage of the Fe(II) oxidation process. When high Fe concentrations happened in the 14 reservoir water and the water from tube drain 3, substantially lower P concentrations were found 15 in these waters compared to the groundwater. The average molar P/Fe ratios of the reservoir 16 water and tube drain 3 varied between 0.004 and 0.014 during winter time (Table 1) ; this is 17 distinctly lower than the P/Fe ratio in the groundwater that varied between 0.016 and 0.079. A 18 single Fe-oxide flocs sample from a drain had a molar P/Fe ratio of 0.033. This is in the range of 19 the groundwater P/Fe ratio. Moreover, there is no relation between the P concentration of the 20 reservoir water and the mean transit time (Fig. 6B) and no clear seasonal dynamics in P 21 concentrations in the waters other than groundwater exist (Fig. 3) . For tube drain 3, two 22 mechanisms might cause these observations: (1) the average P concentration of the anaerobic 23 groundwater that flowed into the tube drain was lower than the groundwater sampled from the 24 four wells or (2) there was continuous immobilization of dissolved P in tube drain 3 despite the 25 observation that complete oxidation of Fe no longer occurred in this drain. For the reservoirs, it is 26 not likely that the inflow of groundwater with low P concentrations determined the P 27 concentration of this water. After all, the groundwater was sampled from four wells parallel to the 28 reservoirs covering almost the entire stretch of the reservoirs. So the observations point to a 1 rapid transformation of dissolved P to structural P during the initial stage of Fe(II) oxidation along 2 the flow-path of groundwater into surface water. This resulted in nearly complete P depletion in 3 the water before Fe(II) was depleted. 4
The blue and gray lines in Fig. 6B 
Dynamics in the redox gradient 12
The higher Fe concentration of the reservoir water during winter compared to summer are 13 explained by a reduction of the Fe(II) oxidation rate combined with an increased inflow of 14 groundwater into the reservoirs during winter. Based on our data, we argue that the oxidation 15 rate of Fe(II) in combination with groundwater inflow to the ditch is such that the Fe(II) oxidation 16 occurs at the sediment-water interface or deeper in the soil domain during summer, resulting in 17 low Fe(II) concentrations of the reservoir water (Fig. 2c) . Fe(II) oxidation shifts to the surface 18 water in winter evidenced by high Fe(II) concentrations. This argument is supported by visual 19 observations of the ditch water during the field experiment. The easily resuspendable Fe-oxide 20 flocs which have sedimented on ditch bottoms were predominantly found in winter time (Fig. 7) . 21 So, the position of the redox gradient in the groundwater-surface water interface of our 22 experimental field is dynamic in time as a result of dynamics in hydrological and biogeochemical 23 conditions. Krause et al. (2009) measured highly complex temporal changes in redox status and 24 pore water nitrate concentrations at the groundwater-surface water interface of a small river. 25 Maassen and Balla (2010) measured the effect of these redox dynamics on phosphorus 26 mobilization from the sediment to the surface water. We show that dynamics in redox processes 27 as well may impact the Fe(II) oxidation process and phosphorus immobilization during flow from 28 groundwater into surface water. 29
Due to deeper groundwater tables in summer oxygen-saturated surface water may start to 1 infiltrate and atmospheric oxygen may penetrate the soil surrounding the tube drains. Through 2 higher groundwater tables and more discharge this oxygen-saturated water is flushed out again 3 in winter time. Moreover, the abundant growth of grasses and reeds inside the ditches is likely to 4 actively transfer oxygen through the groundwater-surface water interface during summer time. In 5 a previous experiment at the same field site an iron-rich zone was observed directly around the 6 drain tube, causing an orange-colored 'ring' in the soil around the tube drain (Van den Eertwegh, 7
2002). The P content of the solid material in this ring was three times higher than for soil samples 8 taken just outside this iron-rich zone. Although the Fe content of the soil samples and the P 9 concentrations of the groundwater were not measured this indicates at least a partial retardation 10 of dissolved P in this soil domain. 11 12
Suspended sediment 13
The formation of Fe-oxide flocs in the surface water will contribute to the suspended sediment 
